Abstract. The magnitude, seasonality, and duration of peak discharge responses to forest removal and regrowth and roads in 10 pairs of experimental basins in the western Cascade Range of Oregon are consistent with fundamental water balance and routing concepts in hydrology. Hypothesized effects of forestry treatments on evapotranspiration, cloud water interception, snowpack dynamics, and subsurface flow interception vary predictably by season, geographic setting, amount of forest canopy removal, stage of canopy regrowth, and arrangement of roads in the basin. Posttreatment responses of selected subpopulations of matched peak discharge events were examined over 10-to 34-year posttreatment periods in treated-control basin pairs in a range of geographic settings. Changes in evapotranspiration associated with forest canopy removal and regrowth apparently accounted for significant increases (31-116%) in peak discharges during the first postharvest decade in 8 of 10 treated basins, but the events that were affected were small (<0.22-or 0.28-year return periods) and occurred in the fall (September-November), when soils are in moisture deficit, rather than in spring (March-May), when soils are in moisture surplus. For a given amount of forest canopy removal, initial increases in small, fall events were greater in drier basins than wetter basins, and increases tended to disappear as forest canopies regrew. Changes in cloud water interception apparently offset changes in evapotranspiration in two partially cut basins. Changes in snowpack dynamics apparently accounted for significant increases (25-31%) in winter rain-on-snow events, but other types of winter events did not change, in four of five basins at the H. J. Andrews Experimental Forest. Changes in subsurface flow interception apparently accounted for significant increases (13-36%) in large (>l-year return period) events in seven of eight basins with roads, and, controlling for geographic location, the magnitude of increases was related to the density of midslope roads.
Introduction
This study examined the interactions among hydrologic processes, geographic setting, and forestry treatments in 10 pairs of experimental basins in the western Cascade Range of Oregon, demonstrating that small-basin responses are consistent with fundamental water balance concepts. Such interactions have long been recognized as a challenging problem in hydrology. For example, although they provide a quantitative, process-based approach for predicting runoff response, hydrologic models may be difficult to apply regionally because they typically are "overdetermined"; that is, many alternative mechanisms can explain observed changes in runoff. Also, while paired-basin experiments indicate that forest removal and forest roads often modify runoff, it is difficult to derive general predictions of forestry treatment effects because runoff responses vary by geographic setting, type of runoff event, road configuration, and time since treatment. For these reasons, the relation between forest harvest and peak discharges has been an important and controversial issue in many regions, including the Pacific Northwest. [Rothacher, 1973; Harr et al., 1975;  
Approach and Hypotheses
The pooled population of peak discharge events from a basin violates the homogeneity assumption for statistical analysis [Holland, 1986] , since different types of peak discharges occur under differing water balance conditions. The approach of this study was to identify relatively homogeneous subpopulations of peak discharge event types, controlled by various components of the hydrologic cycle, that might display contrasting effects of forestry treatments. This approach involves identifying (1) the components of a water balance that would be affected by forest canopy removal, forest canopy regrowth, and forest roads, and (2) runoff event subpopulations that would be expected to be influenced by these processes, given 
A number of different hydrologic processes, represented by terms in these equations, respond to forest canopy removal, forest canopy regrowth, and roads. Forest canopy removal greatly reduces transpiration T, evaporation from the canopy Ec, and cloud water interception C, as well as the capacity of the canopy to store water AF. Reductions in canopy evaporation and canopy storage increase throughfall L and hence increase water delivery to the soil, while reductions in transpiration also increase soil moisture storage AS, thus increasing runoff (equations (1), (2) and (4)). This is called the evapotranspiration effect (Figure 1 ). On the other hand, reductions in cloud water interception decrease throughfall and hence decrease soil moisture storage and runoff (equations (1), (2), and (4)). This is called the cloud water interception effect (Figure 1 ). Note that the evapotranspiration effect, which increases runoff, and the cloud water interception effect, which decreases runoff, have counteracting effects upon runoff in response to the same treatment, forest canopy removal. In winter after forest canopy removal, decreased canopy evaporation and increased throughfall increase snowpack accumulation AN, while specific energy exchanges during rain-on-snow events may enhance snowpack melting M [Hart, 1981] , thus increasing soil moisture and runoff (equations (1), (3), and (4)). This is called the snowpack dynamics effect (Figure 1 ).
Road construction creates relatively permanent forest canopy gaps, which also influence storage of water in the canopy, snowpack, and soil. In addition, roads may interact with these changes and alter water routing to streams, influencing the height but not the volume of peak discharges. This is called the subsurface flow interception effect (Figure 1) .
In forests of the Pacific Northwest the evapotranspiration effect would be expected to be large, but to vary with season and forest canopy regrowth. On an annual basis, evapotranspiration may account for 40% of annual precipita.tion in conifer forests of the Pacific Northwest [Post et al., 1998 ]; much of this water may have been intercepted and temporarily stored in forest canopies [Law, 1958; Rothacher, 1963; Patric, 1966] . Transpiration rates in forest vegetation vary by species and age, as well as by atmospheric vapor pressure and soil moisture [Lee, 1967; Waring and Schlesinger, 1985] ; hence evapotranspiration may be an important control on soil moisture during fall and spring in Pacific Northwest forests when moisture and temperature are optimal for transpiration by conifer canopies [Rothacher, 1965; Hart, 1976b] . Decreased evapotranspiration has been invoked to explain observed increases in runoff after forest canopy removal [Rothacher, 1970 [Rothacher, , 1973 Harr et al., 1975 Harr et al., , 1982 Wemple, 1998 ]. Roads intercept subsurface flow and convert it to surface flow (which travels orders of magnitude faster), and although some road configurations may locally route water away from streams, in most cases these new flow paths are connected to the stream network [Wemple et al., 1996; Wemple, 1998 ]. Thus except at small scales where they divert water away from streams, roads would be expected to speed the delivery of water into the stream network, thus potentially synchronizing flows and increasing the magnitudes of peak discharges without affecting streamflow volume .
In the western Cascades of Oregon, precipitation, soil moisture, air temperature, and transpiration vary seasonally, and hence different hydrologic processes dominate runoff in each season. Evapotranspiration is most likely to affect runoff in the fall, when air temperatures are moderate, conifer forests are transpiring and taking up soil moisture, soil moisture is low after the long dry summer ( However, snowpack moisture storages and snowpack melting rates would be expected to influence runoff events in winter (B, C, and D, Figure 3) . Moreover, the rate of delivery of water by subsurface flow to channels (streams or roadside ditches) would be expected to have a detectable effect upon runoff events that occur under conditions of very high soil moisture (B, Figure 3 ). In summary, subpopulations of peak discharge events from experimental basins in the western Cascades were expected to display the following responses to forestry treatments: (1) temporary increases in small, fall events, but lesser or no increases in small, spring events after forest removal, as a result of decreases in evapotranspiration; (2) offsetting of these increases in small, fall events after forest canopy removal, as a result of decreases in cloud water interception in sites prone to low clouds; (3) increases in winter rain-on-snow events but not in winter rain events after forest canopy removal, as a result of Streamflow records began between 1952 and 1970, but only the Andrews basins were monitored after the mid-1980s (Table  1) . Treated-control basin pairs have pretreatment records of 6-11 years and posttreatment records of 10-34 years in length. Continuous stage flow records from A-35 Stevens recorders at each gaging station were hand-digitized. Stage records were converted to discharge using a single rating curve based on a calibration made early in the pretreatment period for each basin, with the exception of three basins whose rating curves were revised when flumes were replaced. The flume was replaced at Andrews 1 in 1957, 5 years prior to treatment, but this did not appear to confound the interpretation of postharvest streamflow responses. However, after flumes were replaced at Andrews 9 (control) and 10 (treated) in August 1973 (1.5 years prior to treatment), peak discharges at both Andrews 9 and Andrews 10 increased statistically significantly relative to Andrews 2 (control). Therefore increases in peak discharges for Andrews 10 were determined by comparison to Andrews 2, but the measured effect inevitably incorporates both the effect of the flume change and the treatment.
Several steps were involved in creating the data sets of matched peak discharges. First, the digital record of continuous streamflow was screened, using a computer algorithm to select an initial set of peak events based on gage height criteria specified for each basin (see criteria available at http:// www.fsl.orst.edu/lter). Gage height criteria were chosen for each basin to produce a statistically tractable sample, i.e., 10-15 events per year on average, producing initial data sets with 208-591 events, depending on the basin. Second, the peak magnitudes (the difference in discharge between event beginning and peak times) were selected for each event. Third, the initial sets of peaks for each treated-control basin pair were merged by date and time of the peak. Fourth, peak discharges were matched by hand for each treated-control pair. Peak discharges were retained as matched only if instantaneous peaks at the treated and control basins occurred within 12 hours of each other, but in most cases, matched peaks occurred within a few hours of each other. When more than one candidate peak at the treated basin occurred within 12 hours of a peak at the control basin, the peak at the treated basin occurring closest in time to that at the control was selected. All other, unmatched peaks (from 3 to 40% of the initial set selected by the algorithm, depending upon the basin pair) were discarded. The resulting matched peak discharge data sets contained 181-479 matched events, depending on the basin, or 9-12 matched events per year (Table 1) .
Peak Discharge Event Classification
Subpopulations of peak discharge events were defined according to event size, season, and type (Figures 2 and 3) , and analyses were conducted on six of these populations: all; small, fall; small, spring; small, summer; winter rain-on-snow versus rain or mixed; and large, winter events. Seasons were fall (September-November), winter (December-February), spring (March-May), and summer (June-August). Event size categories were defined by a nonparametric ranking procedure [Haan, 1977] using the events at the control basin. The nonparametric ranking procedure is preferable to the commonly used log-Pearson method in this instance because it is less sensitive to the nearly threefold differences in record length among the basins and to the uneven representation of extreme events (for example, the extreme flood of February 1996 was recorded only at the Andrews basins). "Small" events were the smallest two thirds of the ranked events and had recurrence intervals of 0.22-0.28 years, depending upon the control basin (0.22 years for Andrews 2, 0.24 years for Coyote 4, and 0.28 years for Andrews 8 and Fox 2). "Large" events were the top n events in a record of n years and had recurrence intervals of >1 year. Small events, which occurred at least 3 and as many as 12 times per year, do not discernibly affect the geomorphology of these high-gradient mountain streams, and volumes of water discharged are equivalent to only a few percent of the soil moisture storage capacity. Large events, which occurred as often as once (or twice) per year and as rarely as once every 50 years, come close to filling up the channel and include some events which produce detectable changes in channel geomorphology [Faustini, 2000] and volumes of water discharged are equivalent to tens of percent of the soil moisture storage capacity.
For the Andrews basins only, peak discharges were classified into three event types following Perkins [1997] : rain, rain-onsnow, and mixed and mixed-on-snow, based on the basin-wide air temperature and snowpack conditions determined by a distributed-parameter hydrologic model [Leavesley et al., 1983] . Events were designated as "rain" if the modeled basinwide, area-weighted, average daily air temperature ranges of hydrologic response units were at or above 0øC, and designated "mixed" otherwise [Perkins, 1997] . Events were designated as "on snow" if the modeled snowpack water content (a daily mass and heat balance with inputs from snow accumulation and rain and outputs from snowmelt in excess of the snowpack water storage capacity) exceeded 0.25 cm [Perkins, 1997] . Daily modeled snowpack presence/absence agreed well with snowpack field measurements from 1989 to 1994, although the snowpack water content estimated by the model (parameterized for forest conditions) was less than snowpack water content measured in a canopy gap [Perkins, 1997] . The classification system explained variation in observed snow lysimeter output for events from October 1, 1992, to September 30, 1994: The average ratio of lysimeter output to precipitation inputs was 1.3 during events classified as rain-on-snow compared to only 0.8 during events classified as rain [Perkins, 1997] .
Statistical Analysis
Changes in the average magnitude of peak discharge events over time in each treated-control basin pair were examined using analysis of variance (ANOVA) with post hoc tests of effects using multiple-comparisons procedures [Miller, 1980; Neter et al., 1990; Wilkinson et al., 1996] . For each of the six populations of peak discharge events a one-way ANOVA related the difference in log-transformed peak discharges between the treated and the control basin for each event (dependent variable) to time after treatment (independent variable). (The dependent variable is shown in the column labeled "Mean" in Tables 2-6.) When multiple posttreatment periods were compared to the pretreatment period, probabilities were conservatively adjusted using Tukey's highest significant difference test to guarantee an overall protection of a = 0.05 [Miller, 1980; Neter et al., 1990; Wilkinson et al., 1996] . Data were tested for independence, equality of variance, and normality before analysis. Because peak discharges were lognormally distributed, the difference in log-transformed peak discharges between the treated and control basins for each matched event was used as the dependent variable, following Eberhardt and Thomas [1991] .
It has been debated whether it is appropriate to use ANOVA (as in this study and that by Jones and Grant [1996] ) or analysis of covariance (ANCOVA) (i.e., regression, used by Thomas and Megahan [1998]) for analysis of peak discharge response to forest harvest. Jones and Grant (submitted manuscript, 1999) showed that after accounting for differences in sample sizes, data pretreatment, and critical significance levels, these two approaches produced almost identical results from the same data set. ANOVA was used here because it facilitated examination of hydrologic processes ( 
Results
Populations of peak discharge events display distinct responses over time that vary by treatment type, basin, and event type ( Figure 5 ). During the pretreatment period the treatedcontrol basin relationship (the variation around the mean of zero in Figure 5 ) was tighter (less variation) for treated-control basin pairs which were adjacent and of the same size and elevation range (e.g., Andrews 1-2, Andrews 3-2, and Coyote 3-4) and looser (more variation) for basin pairs which differed in size or elevation range (Fox 1-2 and Fox 3-2) or were separated by more than 1 km (Andrews 6-8, Andrews 10-2, and Coyote 1-4) (Figures 4 and 5) . Also, certain event subpopulations were distinct, even in the pretreatment period; for example, treated-control differences for large events were less than for small events in Andrews 1-2 and Andrews 3-2 but greater in Andrews 6-8 and Andrews 7-8 ( Figure 5 ). After treatment, populations of peak discharge events displayed several distinct behaviors among basins: qualitative increases in the mean but not the variance (Andrews 6-8, Andrews 7-8, and Andrews 10-2), increases in both the mean and the variance (Andrews 1-2, Andrews 3-2, and all Coyote basin pairs), or neither (Fox 1-2 and Fox 3-2).
Different subpopulations of peak discharge event types, basins, and treatments display distinct trends over time ( Figure  6 ). For example, when the entire forest canopy was removed (100% clear-cutting), small, fall events increased dramatically in percent terms, but only for the first decade (Figure 6a ). Less canopy removal (e.g., 25% patch cutting) produced smaller percent increases in small, fall events, and these increases also were transitory (Figure 6b ). Large events also increased after canopy removal in basins with roads, but increases were persistent and not apparently related to the amount of forest canopy removed (Figures 6c and 6d) . Posttreatment peak discharges were significantly different from pretreatment peak discharges, and the magnitude, timing, and duration of significant responses varied among basins, treatments, and event types. Overall, peak discharges in small experimental basins increased significantly in response to for- (Table   2) .
Small, fall (<0.28 years, September-November) events in- and were no longer significantly higher than during the pretreatment period (Table 3 and Figures 5 and 6) . Small, spring (<0.2 years, March-May) peak discharges increased in only 3 of the 10 basin pairs, and all of these were 100%-clear-cut basins (Table 4 ). In the first 10 years after treatment, small spring events increased by 36% at Andrews 10 (p < 0.04), 77% at Andrews 6 (p < 0.01), and 71% at Coyote 3 (p < 0.02). By the second posttreatment decade, small, spring peak discharges were no longer significantly higher than during the pretreatment period in Andrews 6, but they remained significantly higher than pretreatment discharges in Andrews 10 and Coyote 3 (Table 4 and Figure 5 ).
Summer peak discharges declined significantly following forest canopy removal, but only for 2 or 3 years, and only in the Fox Creek basins. Twenty (Fox 1) and 21 (Fox 3) matched events occurred in summer (June-August) over the entire period of record; the two summer events that occurred during the first 2 years after treatment were lower than all other summer P, pretreatment, and R, posttreatment periods of record. Group means in the same column followed by the same letter are not significantly different from each other according to Tukey's highest-significant difference multiple-comparisons procedure with an overall protection level of p < 0.10. Calculations for "Mean" and "Change, %" are explained in the text.
*The canopy at Andrews 7 was removed in two cuts, 50% in 1974 and the remaining 50% in 1984.
peak discharges by 47% (at Fox 1, p < 0.0003) and 46% (at Fox 3, p < 0.003). At the Andrews basins (the only basins for which events could be retrospectively classified as rain or rain-on-snow), rain-on-snow events of all sizes in winter (DecemberFebruary) increased significantly after forest canopy removal, but other types of winter events did not change (Table 5) . When the entire posttreatment period was compared to the pretreatment period, rain-on-snow peak discharge events in winter increased by 31% (p < 0.0004) at Andrews 1, 26% (p < 0.07) at Andrews 3, 25% (p < 0.07) at Andrews 6, and 30% (p < 0.01) at Andrews 7, but winter rain events and winter mixed events did not change significantly at any of these four basins (Table 5) . At Andrews 10 no type of winter event increased significantly (Table 5) .
Large (>1 year) events increased significantly after treatment in 8 of 10 basin pairs, and the magnitudes of significant increases in large events in the four 25%-cut basins with roads were as great as those in 100%-clear-cut basins (Table 6 ). In 100%-clear-cut basins, large events increased by 25% at Andrews 1 (p < 0.01), 16% at Andrews 6 (p < 0.01), and 26% at Coyote 3 (p < 0.08) but did not change at Andrews 10 (Table 6 ). In 50%-cut basins with roads, large events increased by 27% at Andrews 7 (p < 0.08) but did not change at Coyote 1 (Table 6 ). In 25%-cut basins with roads, large events increased by 16% at Andrews 3 (p < 0.01), 36% at Coyote 2 (p < 0.10), 13% at Fox 1 (p < 0.04), and 13% at Fox 3 (p < 0.01) ( Table 6 ). Although sample sizes are too small to test for significance by time period after treatment, increases in > 1-year events appeared to persist, and even increase, over the periods of posttreatment records (Figure 6c) .
Increases in large (>1 year) events after treatment were attributable to both rain and rain-on-snow events; large rainon-snow events increased less than rain events at low elevations but similarly to or more than rain events at high elevations. The following comparisons were made using the Andrews basins and retrospective characterization of rain-onsnow conditions [Perkins, 1997] . Sample sizes were too small to test for significance. At Andrews 1, >l-year rain events increased by 25% (npr e = 6, npost = 4), and >l-year rain-onsnow events increased 13% (npr e = 5, npost = 12). At Andrews 3, > 1-year rain events increased 10% (npr e = 5, npost = 9), and >l-year rain-on-snow events increased 2% (npr e = 2, npost = 10). At Andrews 6, > 1-year rain events increased 11% (npr e = 4, npost = 6), and > 1-year rain-on-snow events increased 16% (npr e = 7, npost = 8). At Andrews 7, >l-year rain events increased 12% (npr e -' 4, npost -' 5), and > 1-year rain-on-snow events increased 29% (npr e = 7, npost --9). At Andrews 10, >l-year rain, mixed, and mixed-on-snow events decreased 18% (npr e = l0 for all event types, npost = 4), and >l-year rain-on-snow events increased 4% (npre = 10 for all event types, npost '-' 9).
Discussion
The behavior of these 10 paired basins illustrates that many different components of the water balance are affected by forest canopy removal, forest regrowth, and roads and that these effects can, to some degree, be understood according to how they affect water in the forest canopy, the snowpack, and the soil (Figure 1) . Viewing streamflow response to forest removal, regrowth, and roads from this perspective provides plausible explanations for much of the observed variability in responses among these basins, which are located within a single climatic region and forest vegetation zone (Figure 2 ). In addition, the collective behavior of these 10 basins lends itself to the formulation of qualitative predictions about the magnitude, seasonal timing, and duration after treatment of peak discharge response to forest removal, regrowth, and roads under a range of conditions within the Pacific Northwest and in similar areas. These ideas merit further exploration and testing through focused field measurements, experiments, and modeling.
This paper advocates a conceptual model, namely, that streamflow response can be explained, or predicted, according to the magnitude and duration of the effect of forest treatment(s) upon water balance components associated with the forest canopy, the snowpack, and the soil (Figure 1 ). Responses may vary according to the absolute magnitude of the capacity or change in a water balance component, as well as its magnitude relative to other storage components (equations (1)-(4)). Variations in streamflow response over time (e.g., as forests regrow) or in space (e.g., in basins differing in latitude, elevation, soil depth, or topographic exposure) can be explained or predicted following the same logic. Such an approach lends itself to more in-depth study of the coupling between forest ecosystems and water, recently termed "ecological hydrology" [Post et al., 1998 ]. This analysis of 10 treated-control basin pairs focused on four hydrologic mechanisms (Figure 1) . After forest canopy removal, two potentially offsetting changes apparently occurred: an evapotranspiration effect whereby peak discharges increased, and a countervailing cloud water interception effect. In addition, forest canopy removal apparently modified snowpack dynamics in such a way as to increase snowmelt contributions to peak discharges during winter rain-on-snow events. Moreover, soil drainage may have been modified by forest roads so as to increase peak discharges of large (>1 year) events.
Evapotranspiration, Cloud Water Interception, and Forest Canopy Removal and Recovery
Evapotranspiration influences upon peak discharges are the most obvious, but not necessarily the most important, streamflow responses to forest removal. Forest canopy removal effects on transpiration, soil moisture storage, and streamflow have been noted in many studies [Rothacher, 1970 [Rothacher, , 1973 Hart et al., 1975 Hart et al., , 1982 Hart et al., , 1979 Hart, 1976a] . In this study, when oldgrowth conifer forests in the Pacific Northwest were removed, the evapotranspiration effect produced large increases in peak discharge events, but the affected events were quite small, and increases tended to disappear as forest canopies regrew. Moreover, the magnitude, timing, and duration of the evapotranspiration effect varied according to the climatic setting, the size of the soil moisture reservoir, the type and leaf area of vegetation removed, and the type and timing of vegetation recovery.
In order for evapotranspiration to affect the peak discharge signal, interception, canopy evaporation, and transpiration must be large relative to other water balance components Table 1 ).
( Figure 1) . In conifer forests of the Pacific Northwest, evapotranspiration losses are relatively large during the fall when precipitation events are relatively small, and trees are actively transpiring, but soil moisture storage is low. After forest canopy removal, small, fall peak discharge events increased in 8 of 10 basin pairs by 53-116% averaged over the first posttreatment decade (Table 3) , and by larger percents for shorter periods (Figures 5 and 6 ). In five of these basin pairs, small, spring peak discharges did not increase, apparently because the evapotranspiration effect was overwhelmed by other components of the water balance, such as large precipitation event size, large soil moisture storage volume, or large snowmelt inputs. Figure 2) , small, spring discharges increased significantly for the first decade after cutting (Table  4) . Also, the magnitude of increase in small, fall peak discharges was greater in basins with relatively dry climates (Coyote versus Andrews) and greater in 100%-clear-cut than 50%-or 25%-cut basins at a given latitude. Increases in small, fall events were transitory, and, where records were long enough to discern it, the timing of the return of small, fall peak discharge events to pretreatment levels coincided with forest canopy regrowth in the treated basins [Halpern, 1989; Halpern and Spies, 1995; Bredensteiner, 1998 ]. Moreover, in those basins where small, fall peak discharges increased initially and records were collected for two or more decades after treatment (Andrews basins), small, fall peak discharge events returned to pretreatment levels where relatively little forest canopy had been removed (Andrews 3) or where conifer canopy recovery was vigorous (Andrews 6) but recovered more slowly or not at all where conifer canopy recovery was slow (Andrews 1 and Andrews 10).
The greater the role of cloud water interception in the water balance prior'to forest canopy removal, the greater is the reduction in moisture inputs after forest removal, offsetting the evapotranspiration effect. Thus in the Fox Creek basins, where low cloud is common and measurable cloud water interception (fog drip) occurs [Harr, 1982] , small, fall peak dis- charge events did not increase significantly after 25% patch cutting, whereas the same treatment produced 31-71% increases in other sites (Andrews 3 and Coyote 2, Table 3 ). Moreover, very small, summer events decreased by more than 40% in the first 2 years after forest canopy removal in the Fox Creek basins.
Snowpack Dynamics and Forest Canopy Removal and
Recovery .
An effect of forest canopy removal upon snowpack dynamics and, consequently, upon peak discharges has been inferred or predicted for Pacific Northwest forests, where snowpacks frequently are melted by warm, rain events [Hart ', 1981, 1986 ]. If forest canopy removal increases snowpacks and snowmelt in these gaps is synchronized with the peak precipitation, forest canopy removal may increase peak discharges [Harr, 1986] . However, increases in snowpack depth without synchronized melting might not affect peak discharges, and precipitation absorbed by the snowpack along with delayed melting could even decrease peak discharges [Harr and McCorison, 1979] . In this study, when old-growth conifer forests in the Pacific Northwest were removed, the snowpack dynamics effect produced moderate increases in peak discharges of rain-on-snow events. However, the snowpack dynamics effect varied according to the susceptibility to melting of the snowpack and the relative volumes of the snowmelt, the precipitation event, and the soil moisture reservoir. To affect the peak discharge signal, snowpack melting must be large relative to other water balance components, such as precipitation event inputs, evapotranspiration losses, and soil moisture storage (Figure 1) . In conifer forests of the Pacific Northwest this occurs during the winter when warm windy conditions induce snowpack melting coincident with rainfall [Harr, 1981] . After forest canopy removal, peak discharges classified as rain or mixed events did not change significantly, but rain-on-snow events increased by 26-31% in four of five treated basins in the Andrews. This result indicates, as suggested by Harr [1986] , that snowpack volume, or at least the amount of snowmelt coinciding with the peak discharge, was increased after forest canopy removal. This finding is consistent with the notion, suggested by Harr [1986] and quantified by Marks et al. [1998] , that energy exchanges between the snowpack and warm winds during rain-on-snow events involve greater latent heat releases from condensation on snow in canopy gaps than on snow under forest canopies, enhancing snowmelt and contributing to greater peak discharges from clear-cuts than from adjacent forests.
The greater the role of snowmelt in runoff from a particular location, season, or time after treatment, the greater is the snowpack dynamics effect. Thus, holding the amount of forest canopy removal constant (100% clear-cut), at low elevations develops in soil profiles, as shown by Harr [1977] in Andrews 10. Road cuts intercept water flowing in this zone, and road ditches route the intercepted water to stream channels, as shown by Wemple [1998] in Andrews 3. However, overland flow from road surfaces in Andrews 3 was equivalent to less than 5% of runoff measured at road culverts [Wemple, 1998 ]. After road construction in conjuction with forest canopy removal, large (> 1 year) peak discharges increased by 13-36% in seven of eight basins with roads. Thus during large events, roads may intercept sufficient water from the saturated soil zone to affect peak discharges. Road configuration along hillslopes may influence the magnitude of the subsurface flow interception effect. Of the subsurface flow in Andrews 3 that was intercepted along roads and delivered to channels coincident with the peak discharge, the greatest amounts were contributed by midslope road segments (i.e., segments perpendicular to subsurface flow paths, midway between ridges and major stream channels) whose road cuts intersected most of the soil profile [Wemple, 1998 ]. Densities of midslope roads may explain why large peak discharges increased by 16% after 25% forest removal at Andrews 3, which has two tiers of midslope roads with many deep road cuts [Wemple, 1998 ], whereas large peak discharges increased by only 25% after 100% clearcutting at Andrews 1, which lacks roads (Figure 4) . Relative densities of midslope roads also may explain why large events increased by 27% at Andrews 7 (100% cut in two cuts separated by a decade, one tier of midslope road constructed in 1984), whereas they increased by only 16% at Andrews 6 (100% clear-cut, partial tier of midslope roads) (Figure 4 ). Higher densities of midslope roads also may explain 36% increases in large events at Coyote 2 (25% cut, three tiers of midslope roads) compared to 26% increases in large events in Coyote 3 (100% cut, no midslope roads) (Figure 4) . PROCESSES The basins examined in this study represent only a portion of the range of geographic and climatic conditions under which forest removal and roading occur, and therefore they illustrate only some of the possible hydrologic mechanisms that may be affected. Despite 50-year records some important classes of events, such as extreme floods or large rain-on-snow events, are so rare that it is difficult to assess the statistical significance of changes. Moreover, forest removal and road construction practices are quite different today than in the past. Even within the Pacific Northwest, for example, different hydrologic responses than found in this study may occur where the snowpack is not melted by rain (e.g., eastern Oregon and Washington, Idaho), large rain events occur without snow (e.g., Oregon Coast Range), or cloud water interception is an important component of forest hydrology (e.g., coastal fog zone). Also, forestry treatments have evolved from clear-cutting of oldgrowth forests and ambitious road construction projects, common in the 1950s and 1960s when these experiments were begun, to thinning of second-growth stands, ridgetop roads, and road restoration programs today. Forestry treatments in small experimental basins involve two kinds of change, namely, canopy reduction and changes in drainage. Examination of carefully segregated event types over time, such as in this study, reveals magnitudes and directions of responses of various hydrologic processes operating at the scale of small basins.
This study focused upon causes of peak discharge responses to forestry treatments, but the geomorphic and biological consequences of hydrologic responses are important, too. Ecological implications of streamflow changes on stream and riparian habitat depend upon interactions among flood peaks, sediment, wood, and riparian vegetation. As this study showed, streamflow is inherently variable, and disentangling complex natural from human-induced effects represents a continuing challenge for hydrologists, geomorphologists, and ecologists. 
